Introduction
The immunostimulatory properties of bacterial DNA were first discovered when it was found that mycobacterial DNA (Bacille Calmette-Guerin) elicited IFN (α, β and γ) production and induced NK cell activation (1) (2) (3) . Subsequent experiments have shown that oligonucleotides containing immunostimulatory DNA sequences (ISS; also known as CpG motifs) induce the release of IL-6, IL-12, tumor necrosis factor (TNF)-α and IL-18, primarily from monocytes and macrophages (4) (5) (6) (7) (8) . Indeed, recent work has demonstrated the T h 1-promoting activity of synthetic oligodeoxynucleotides (ODN) containing ISS sequences (ISS-ODN) on co-administered antigens (9) (10) (11) (12) (13) . Although the cytokine milieu induced by ISS is thought to play an important role in amplifying the subsequent immune response to the encountered antigen (6, 10) , cognate interactions between antigen-presenting cells (APC) and lymphoThe first two authors contributed equally to this work Correspondence to: E. Raz Transmitting editor: K. Okumura Received 9 September 199, accepted 25 March 1999 cytes or among lymphocytes (e.g. B cell-T cell) also play a crucial role in the primary activation of T and B cells. This study was therefore designed to uncover the relationship between ISS-induced cytokines and the activation of surface molecules on different subsets of immunocytes, and to explore the subsequent functional properties induced by these ISS-driven changes in the induction of the immune response in vitro and in vivo. The results presented here indicate that (i) ISS-ODN induces a distinctive profile of cell surface molecules on APC [B cells and bone marrow-derived macrophages (BMDM)] but not on T cells, (ii) this profile of cell surface markers is only partially dependent on ISS-induced cytokine secretion, and (iii) this distinctive activation profile plays an important role in vivo in the generation of a potent antigen-specific T cell response and its differentiation toward T h 1 phenotype.
Methods

Animals
Female BALB/c mice, 6-10 weeks of age, were purchased from The Jackson Laboratory (Bar Harbor, ME). TCR-OVA (DO11.10) transgenic mice on the BALB/c background (14) were generously provided by Dr David Broide (UCSD) with permission from Dr Dennis Loh. All experimental animal protocols were approved by the UCSD Animal Subjects Committee.
Nucleic acid reagents and lipopolysaccharide (LPS) Cytokine ELISA and neutralization
The concentrations of cytokines in supernatants were analyzed by commercial ELISA kits (PharMingen or Biosource, Camarillo, CA) according to the manufacturer's instructions. For neutralization, murine spleen cells (2ϫ10 6 /ml) were cultured in the presence of ISS-ODN (1 µg/ml) plus commercial neutralizing antibodies to IFN-α/β [polyclonal, cat. no. AMC4014, 3 µg/ml ϭ 1000 neutralizing units (NU)/ml], IFN-γ (polyclonal, cat. no. AMC4034, 10 µg/ml ϭ 1000 NU/ml), TNF-α (polyclonal, cat. no. AMC3012, 1 µg/ml ϭ 1100 NU/ml), IL-6 (clone MP5-20F3, 1.25 µg/ml) or IL-12 (clone C15.6, 10 µg/ ml) (all from Biosource), or a cocktail of all the above. The concentrations of the various antibodies were pre-determined to neutralize cytokine levels induced by ISS-ODN. The cells were harvested after 48 h incubation and activation markers on B cells (gated on B220 ϩ population) were analyzed by FACS. As controls, sheep, rabbit (Irvine Scientific, Santa Ana, CA), rat (PharMingen) and hamster (Caltag) sera were used.
Inhibition of B cell proliferation by irradiation or mitomycin C (MMC) treatment
To evaluate the effect of the mitogenic properties of ISS (15, 16) on cell surface molecules, spleen cells were γ irradiated (1500 rad) or treated with MMC (50 µg/ml for 30 min at 37°C) prior to stimulation. Cells were then incubated with ISS-ODN (1 µg/ml), M-ODN (1 µg/ml), LPS (5 µg/ml) or media alone for 48 h, then stained for expression of cell surface markers on B cells (Table 1) . BrdU staining (17) confirmed inhibition of B cell proliferation by pre-treatment.
Preparation and activation of BMDM Bone marrow cells were flushed from the femurs of 4-to-8-week-old female BALB/c mice and cultured in 145 mm sterile Petri dishes as previously described (18, 19) Primary culture media was DMEM (Irvine Scientific) supplemented with 10% FBS (Gemini Bioproducts), 2 mM L-glutamine (BioWhitaker), 1 mM sodium pyruvate (BioWhitaker), 2 mM penicillin/streptomycin (BioWhitaker) with 30% L cell conditioned media (supernatant from L929 cells) (19) . The cells had acquired macrophagelike morphology (BMDM), and FACS analysis at day 8 showed the cell surface phenotype of the population to be: Ͼ90% Mac-3 ϩ , Ͻ0.2% B220 ϩ , Ͻ0.4% CD4 ϩ and CD8 ϩ cells. BMDM were washed and re-cultured with supplemented DMEM media or DMEM media containing ISS-ODN (1 µg/ml), M-ODN (1 µg/ml) or LPS (5 µg/ml) for 48 h and then harvested for FACS analysis.
T cell proliferation assay and cytokine analysis Splenic T cells and APC were prepared from TCR-OVA transgenic mice. To obtain APC, mice were injected i.d. with saline, ISS-ODN (50 µg/mouse) or M-ODN (50 µg/mouse) on days 0 and 7, and sacrificed on day 14. To enrich APC, splenocytes were treated with anti-CD8 antibody (3.155) and anti-CD4 antibody (RL172) followed by incubation with guinea pig complement as described (20), and treated with MMC (50 µg/ml, 30 Cytokine levels (IFN-γ, IL-4 and IL-5) in supernatants were analyzed by commercial ELISA kits (PharMingen or Biosource).
Results
ISS-ODN induces in vitro up-regulation of a distinctive profile of cell surface markers on B cells from spleen and blood
Incubation for 48 h with ISS-ODN produces a distinct profile of surface molecules on purified splenic B cells (Fig. 1) . The expression of MHC class II, CD40 and CD16/32 was clearly up-regulated, and the expression of MHC class I, IFN-γ receptor and IL-2 receptor was slightly up-regulated in MFIR.
Interestingly, ISS-ODN suppressed CD23 (Fcε receptor) expression. No differences in the expression of CD49b, CD49a, CD49c-f, IL-1 receptor and IL-6 receptor (data not shown) were observed in the ISS-ODN versus media or M-ODN treated cells. Stimulation with LPS resulted in a similar pattern to that observed for ISS-ODN but with different intensity, except for CD23. Splenic B cells are considered to have more of an activated/ memory phenotype than peripheral cells, so to evaluate whether ISS-ODN could also activate resting naive B cells, lymphocytes were Ficoll purified from mouse peripheral blood. The lymphocytes were cultured in media alone, with ISS-ODN or with M-ODN for 48 h, under the same conditions described above. FACS analysis showed that ISS-ODN induces an almost identical profile on blood B220 ϩ cells (data not shown) as on splenic B220 ϩ cells.
While purified B cells alone readily respond to ISS-ODN with surface marker expression, it may be that the complex cellular interactions with other cell types (e.g. macrophages, NK cells) have some enhancing or modulatory effects. To address this, whole splenocytes (after red blood cell lysis) were treated as above with ISS-ODN or controls, and B220 ϩ cells were analyzed for the full set of surface marker expression profiles. The B cells in whole splenocyte mixtures showed essentially the same profile of cell surface molecule expression as seen in Fig. 1 with purified B cells (data not shown) . were sacrificed at either day 2, 7 or 21 after the injection, splenocytes were stained and surface markers on B cells were analyzed by FACS. Figure 2 shows the activation profile in vivo. The expressions of MHC class I, MHC class II, B7-1, B7-2, CD40, ICAM-1, CD16/32 and IL-2 receptor were slightly up-regulated, and most of them reached their peaks at day 7 except for MHC class I, CD40 and CD16/32. Downregulation of CD23 expression was observed in vivo, as it was in vitro (Fig. 1) .
ISS-induced cytokines only partially mediate ISS-induced cell surface marker up-regulation
In order to evaluate the effects of T h 1-type cytokines on the activation markers induced by ISS-ODN, various cytokines (IL-12, IL-6, IFN-α/β, IFN-γ and TNF-α) were neutralized with antibodies in vitro. The levels of these cytokines were initially assessed and the matching concentration of antibody for each cytokine was determined by titration assay until complete neutralization was observed (data not shown). Percent inhibition of activation markers was defined on splenocytes gated on the B220 ϩ cell population. As shown in Fig. 3 , the enhanced expression of MHC class II was not modified by neutralization of cytokines described above. The neutralization of IFN-γ inhibited CD40 and IL-2 receptor expression up to 40%, and had a modest effect on ICAM-1. A cocktail of neutralizing antibodies against all cytokines resulted in 30% inhibition of CD40 and 70% inhibition of IL-2 receptor induction. Fig. 3 . Neutralization of cytokines produced in response to ISS partially inhibits the expression of some cell surface molecules. Spleen cells (2ϫ10 6 /ml) were cultured in the presence of ISS-ODN (1 µg/ml) and neutralizing antibodies against IFN-α/β, IFN-γ, TNF-α, IL-6 and/or IL-12. The neutralization effect of these cytokines was confirmed by cytokine ELISA, then cells were stained to see the inhibitory effect of cytokine neutralization on activation markers. Percent inhibition of activation markers on the B220 ϩ cell population was defined as follows: 100%ϫ(MF ISS -MF ISS ϩ neutralizing antibody )/ (MF ISS -MF media control ), where MF is mean florescence. Data represent results from one representative experiment out of three performed. Fig. 4 . Induction of cell surface molecules on BMDM. BMDM (2ϫ10 5 /ml) were incubated in vitro with ISS-ODN (1 µg/ml), M-ODN (1 µg/ml), LPS (5 µg/ml) or media alone for 48 h, and then stained for Mac-3 (phycoerythrin) and activation markers (FITC) for FACS analysis. The histograms represent the FITC staining of gated Mac-3 ϩ macrophages, in the same format as that in Fig. 1 . Additionally, stimulation of BMDM with the ISS-containing plasmid pUC19 (at 10 µg/ml) gives the same profile of surface marker expression induction as seen in this figure with ISS-ODN stimulation (data not shown). Data represents results from one representative experiment out of three that were performed.
Induction of cell surface molecules on B cells is not dependent upon B cell proliferation
To evaluate whether the effect of ISS-ODN on the expression of surface molecules on B cells was related to its mitogenic effect on B cells (15, 16) , splenocytes were γ irradiated or treated with MMC and then incubated with ISS-ODN or M-ODN. The expression of surface markers was analyzed 48 h later. The inhibition of proliferation was confirmed by the lack of BrdU incorporation (data not shown). ISS-ODN upregulated the expression of cell surface molecules despite the complete inhibition of B cell proliferation either by irradiation or by MMC treatment (data not shown), indicating that the upregulation of surface molecules by ISS-ODN is not due to its of mitogenic effect.
ISS-ODN does not induce an activation of cell surface molecules on splenic T cells
We also evaluated the differential expression of antigen presentation and activation cell surface molecules on T cells such as CD28, CTLA-4 and CD40 ligand in addition to the markers described for B cells (Figs 1 and 2) . Incubation of splenocytes with ISS-ODN did not modify any of these cell surface molecules on splenocytes gated on the CD4 ϩ or CD8 ϩ cell population in vitro (data not shown). In addition, injection with ISS-ODN in vivo also did not modify cell surface molecules on splenocytes gated on the CD4 ϩ or CD8 ϩ cell population (data not shown).
ISS-ODN induces up-regulation of a distinctive profile of cell surface markers on BMDM in vitro
Recent work has demonstrated the role of ISS-ODN in activation of macrophages to release various cytokines such as TNF-α, IFN-α/β and IL-12 (4) (5) (6) (7) (8) . In this study we analyzed the effect of ISS on the pattern of cell surface molecules expressed on macrophages. As shown in Fig. 4 , ISS-ODN clearly enhances the expression of MHC class I, B7-1, CD40, ICAM-1 and CD16/32 on BMDM.
pUC19 induces up-regulation of surface molecules on B cells and BMDM
In previous work we and others have proposed that in gene vaccination, the pDNA serves not only to encode the antigen, but also as its intrinsic adjuvant (9, 10, 21) . This effect is mediated via the ISS motifs in the plasmid backbone (6, 9, 21) . To analyze the effect of pDNA on the cell surface profile, we either incubated or transfected mouse splenocytes with pUC19 or methylated pUC19 for 48 h prior to analysis by FACS. Indeed, pUC19 but not methylated pUC19 induced a similar cell surface expression profile on B splenocytes as well as on BMDM under each of these conditions (data not shown) as observed for ISS-ODN (see Figs 1 and 4 respectively) .
ISS-ODN enhanced the functionality of splenic APC to activate and to induce the differentiation of naive T helper cells
The data presented above indicate that ISS-ODN up-regulates a distinct profile of cell surface molecules in addition to promoting cytokine production (4) (5) (6) (7) (8) . To evaluate the functionality of this expression profile, splenic APC were obtained from TCR-OVA transgenic mice injected with ISS-ODN, M-ODN or saline and their ability to activate naive T cells in the presence of OVA in vitro was examined. Indeed, splenic APC obtained from mice injected with ISS-ODN induced 4-fold more T cell proliferation (at 30 µg/ml of OVA) than splenic APC obtained from mice injected with saline or M-ODN (Fig.  5A ). This indicates that treatment with ISS-ODN enhanced the capacity of the APC to stimulate naive T cells. Furthermore, the subsequent activation of naive T cells resulted in OVAspecific IFN-γ production (Fig. 5B) , indicating the differentiation of naive T h cells toward a T h 1 phenotype by APC treated with ISS-ODN.
Discussion
ISS-ODN has been shown to activate NK cells and macrophages to secrete a profile of cytokines including TNF-α, IFN (α, β and γ), IL-12 and IL-18 (2) (3) (4) (5) (6) (7) (8) . While these cytokines are thought to play major roles in the amplification of the immune response toward the encountered antigen (6, (11) (12) (13) , this study indicates that the adjuvanticity of ISS-ODN is also mediated via the induction of a distinctive profile of cell surface molecules involved in cognate interaction.
ISS-ODN enhanced the expression of several categories of cell surface molecules involved in antigen presentation on splenic and peripheral B cells in vitro and in vivo. Antigen presentation may be directly enhanced by the up-regulation of MHC class I and II. Also, ISS-ODN slightly enhanced the expression of co-stimulatory molecules, such as B7-1, B7-2 and CD40 in vivo. These molecules play a major role in T cell priming, activation and differentiation as well as in T-B cell collaboration. While the role of B7/CD28 interaction in regulating T h 1 and T h 2 differentiation is complex and not fully resolved (22) (23) (24) , there is clear evidence for the role of CD40-CD40 ligand co-stimulation in T h 1 differentiation, B cell activation and isotype switching (25) (26) (27) (28) . CD40-CD40 ligand co-stimulation regulates these effects via the up-regulation of B7 expression on APC, and via the induction of IL-12 from monocytes, macrophages and dendritic cells (29) . Thus, the induction of co-stimulatory molecules on APC by ISS-ODN may provide the important signals for T h 1 differentiation (30) .
ISS-ODN increases the expression levels of IL-2 receptor and IFN-γ receptor on B cells, but does not up-regulate the expression of other cytokine receptors such as IL-1 receptor or IL-6 receptor. The selective up-regulation of these cytokine receptors can enhance the in vivo B cell proliferative response, Ig synthesis and isotype switching to IgG2a upon exposure to the corresponding cytokines (6, 10) .
The up-regulation of cell surface molecules on B cells was observed for both splenic B cells (mainly memory cells) and peripheral blood B cells (mainly naive cells). The levels of expression in vivo were maximal 1 week after i.p. injection of ISS-ODN and dropped back to the baseline levels after 21 days for most of the parameters evaluated, except for MHC class I and CD40 which both displayed sustained expression.
Gamma irradiation or MMC treatment of B cells did not modify the expression of the various cell surface molecules, ruling out the mitogenic effect of ISS on B cells for this differential expression. Cytokine neutralization resulted in a partial inhibition of the differential expression of some surface molecules on B cells, indicating the limited role of type 1 cytokines in the observed expression profile. In response to ISS-ODN in vivo and in vitro, CD4 ϩ and CD8 ϩ cells did not significantly increase their expression of a wide variety of surface molecules, although a recent paper has shown a modest indirect induction of some markers in response to ISS-containing Drosophila genomic DNA (31) .
ISS-ODN enhanced the expression of surface molecules on BMDM. The expression of MHC class I, B7-1, CD40, ICAM-1 and CD16/32 was clearly up-regulated on BMDM, while expression levels of MHC class II were not clearly modified. Notably, the up-regulation of ICAM-1 was more pronounced on BMDM than on B cells. ICAM-1 stabilizes interactions between APC and lymphocytes by binding to its ligand LFA-1, thus reducing the threshold number of cognate interactions required for activation (32) . Recently, it has been demonstrated that dendritic cells also can be stimulated by ISScontaining DNA to up-regulate a similar profile of surface molecules (33, 34) .
In recent studies we have proposed that ISS (CpG motifs) in the pDNA backbone induce the necessary initial cytokine milieu (IFN and IL-12) which fosters the characteristic T h 1 response seen in gene vaccination (6, 9) . In light of this finding, the pDNA provides a source for both antigen and adjuvant (10) . Indeed, pUC19, but not methylated pUC19, up-regulated the expression levels of cell surface molecules on B cells or BMDM in vitro, with a similar profile to that observed with ISS-ODN stimulation. This suggests that the role of ISS as an adjuvant in the plasmid backbone of DNA vaccines is not limited to cytokine stimulation, but also includes increases in important cell surface molecules.
It has previously been shown that the local cytokine milieu (35, 36) and the expression of surface molecules on APC (37) enhance the subsequent immune response. In our study splenic APC stimulated with ISS in vivo enhanced the T cell proliferative response to antigen stimulation and induced OVA-specific IFN-γ production in vitro. This indicates that ISSactivated splenic APC can instruct and bias the subsequent T h response toward a T h 1 phenotype, emphasizing the instructive role of innate immunity (i.e. APC) in the development of the adaptive immune response (38) .
In summary, this study demonstrates that ISS-ODN or pDNA including ISS up-regulates cell surface receptors involved in cognate interactions. These include antigen presentation (MHC class I and II), co-stimulation (B7 and CD40), antigen uptake (Fcγ receptor), cell-cell adhesion (ICAM-1) and cytokine receptors. Combined with cytokine production, i.e. TNF-α, IFN, IL-12 and IL-18, ISS-induced increases in these surface molecules appear to provide the basis for the observed strong T h 1-inducing adjuvant properties. ISS-ODN were initially discovered in the mycobacterial genome as DNA sequences that enhanced NK cell activity (2) . Indeed, a recent study demonstrated that the infection of human dendritic cells with mycobacteria resulted in up-regulation of MHC class I, B7, CD40 and ICAM-1, and the release of IL-12 and TNF-α (39), an activation profile which is very similar to the pattern induced by ISS in this study. Thus, microbial ISS plays a major role in priming and activation of APC while synthetic ISS-ODN mediate these effects without the risks posed by infection. These immunostimulatory properties of synthetic ISS-ODN could be applied in vaccine design against infectious and malignant diseases as well as for allergen immunotherapy.
